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[57] ABSTRACT 
There is provided an optical circulator (16) for bidirec-
tional communication on a fiber optic communication 
transmission system. Polarization preserving single-
mode fiber lengths (26), (28) connect all-fiber polariza-
tion splitter (18) with the Faraday single-mode fiber 
lengths (22), (24). Polarization preserving single-mode 
fiber lengths (30), (32) connect the opposite ends of 
Faraday single-mode fiber lengths (22), (24) with all-
fiber polarization splitter (20). A communication trans-
mitter is connected to splitter (18) at port 1, and a com-
munication receiver is connected to splitter (18) at port 
3. A fiber optic communication link (50) is connected to 
splitter (20) at port 2. The components of optical circu-
lator (16) cooperate such that light transmitted into port 
1 exits from port 2, and light transmitted into port 2 exits 
from port 3. 
29 Claims, 3 Drawing Sheets 
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1 
POLARIZATION INDEPENDENT ALL-FIBER 
OPTICAL CIRCULATOR 
2 
transmitter of a fiber optic communication system is 
generating much higher power levels than the near end 
receiver would normally see from the far end transmit-
ter. If cross-talk is too high, the coupling of power from 
TECHNICAL FIELD OF THE INVENTION 
The present invention relates to optical circulators, 
and more particularly to a polarization independent 
all-fiber optical circulator for permitting bidirectional 
communication on a fiber optic communication trans-
mission system. 
5 transmitter 1 into receiver 1 in FIG. 2 will overpower 
the signal from distant transmitter 2 and make the opti-
cal circulator useless for telecommunications purposes. 
The primary cause of cross-talk in optical circulators 
is back-reflection from the various optical elements in 
BACKGROUND OF THE INVENTION 
A practical way to double the bit carrying capacity of 
10 the device. Since the optical circulator 'steers' the light 
rays depending on the direction of the rays, light origi-
nally from the near end transmitter but back-reflected 
from certain surfaces in the device and fiber are treated 
exactly as if these rays originally came from the far end an existing unidirectional fiber optic communication 
link is by the use of optical circulators. An optical circu-
lator is a passive, nonreciprocal device which permits 
full duplex communication on a single fiber optic link. 
Thus, a typical fiber optic communication link operat-
ing on two fibers can be quickly and economically con-
verted to a bidirectional, single fiber communication 20 
link by installing an optical circulator at each end of the 
link. 
15 transmitter. In addition to cross-talk within the optical 
circulator itself, reflections from the devices used to 
couple the optical circulator to the fiber can also cause 
cross-talk. Thus, otherwise useable connections or de-
vices in a unidirectional fiber link could cause major 
problems if used in a bidirectional link. Therefore 
splices and connectors, as well as the internal compo-
nents of the optical circulator, should have back-reflec-
FIG. 1 illustrates in block diagram form the operation tions minimized. 
of an optical circulator. From a block diagram point of It is worth noting that reflections from the communi-
view, the optical circulator can be viewed as a three- 25 cation receiver itself do not cause a cross-talk problem 
port device, having ports l, 2, and 3. Light that enters since an optical circulator is in fact a four port device. 
port 1 exits the optical circulator at port 2. However, The fourth port is not used in a bidirectional communi-
light that enters the optical circulator at port 2 exits at cation system, and therefore back-reflections from the 
port 3. The fact that an optical circulator treats light 
moving in different directions differently makes it a 30 receiver are propagated to port 4 where they are lost to 
non-reciprocal device. Though various designs are pos- free space or to an absorbing material. 
sible, the most commonly used component which gives Coupling losses arise from absorption, reflection, or 
a bulk optics circulator its non-reciprocity is a Faraday stimulation of radiating modes in the fiber which may 
rotator. occur at a connection or splice between fiber strands, or 
FIG. 2 illustrates, in block diagram form, how a pair 35 between an optical fiber and an optical device. Like 
of optical circulators can be used to provide simulta- insertion losses and cross-talk, coupling losses, if not 
neous, bidirectional communication on a single fiber minimized, can make bidirectional fiber optic communi-
optic link. Optical circulators 10 and 12, each having cation unworkable. 
ports 1, 2, and 3, are installed at opposite ends of fiber Prior art optic~ circulators are described in U.S. Pat. 
optic link 14. For each optical circulator 10 and 12, a 40 No. 4,650,~89, issued to Kuwahar_a; U.S. Pat. No. 
communication transmitter is located at port 1, the fiber 4,464,022, issued to Emkey; and m U.S. Pat. No. 
is connected to port 2, and a communication receiver is 4,859,014, issued to Schmitt et al. However, insertion 
located at port 3. In this manner, light emitted from loss and/or cross-talk in optical circulators made as 
each transmitter is launched onto fiber link 14 from described in these references are unacceptably high for 
opposite ends in opposite directions. At the end of each 45 many communications applications. Therefore, a need 
respective path, optical circulators 10 and 12 separate exists for an optical circulator having lower insertion 
incoming signals from outgoing signals, so that the loss and cross-talk than that found in present optical 
transmitters and receivers do not interfere with each circulators. Such an optical circulator will preferably 
other. comprise entirely optical fiber which can be fusion 
One of the major advantages of optical circulators 50 spliced into a fiber optic communication system, thus 
over more traditional 3 dB couplers is that the loss avoiding coupling losses associated with traditional 
penalty is much lower. Using a 3 dB coupler at each end designs. 
of a fiber link, there is a guaranteed insertion loss of at 
least 6 dB. For connections which operate near their 
detection limits, this additional 6 dB loss could make 55 
bidirectional communication unworkable. 
In a real optical circulator, three important consider-
ations are insertion loss, cross-talk, and coupling loss. 
Insertion loss is the difference in power between light 
launched into the optical circulator and the power that 60 
exits the device. Insertion loss is primarily due to ab-
sorption of light and to imperfect polarization separa-
tion. 
Cross-talk in an optical circulator refers to the 
amount of power emitted at port 3 (to the receiver) 65 
from light entering at port 1 (from the transmitter). 
Cross-talk is represented in FIG. 1 by the dashed line 
from port 1 to port 3. Due to fiber losses, the near end 
SUMMARY OF THE INVENTION 
The optical circulator of the present invention com-
prises a pair of Faraday single-mode fiber links, first and 
second polarization splitters, and first, second, third, 
and fourth pairs of polarization preserving single-mode 
fiber links. 
The Faraday single-mode fiber links each has a first 
end and a second end. Each of the first pair of polariza-
tion preserving single-mode fiber links has a first end 
joined to a first end of a different Faraday fiber link. 
The first polarization splitter has a first end joined to a 
second end of each of the first pair of polarization pre-
serving single-mode fiber links. Each of the second pair 
of polarization preserving single-mode fiber links has a 
first end joined to a second end of the first polarization 
3 
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splitter, and a second end terminating in first and third 
fiber optic communication ports, respectively. 
Each of the third pair of polarization preserving sin-
gle-mode fiber links has a first end joined to a second 
end of a different Faraday fiber link. The second polar-
ization splitter has a first end joined to a second end of 
each of the third pair of polarization preserving single-
mode fiber links. Each of the fourth pair of polarization 
preserving single-mode fiber links has a first end joined 
to a second end of the second polarization splitter, and 
a second end terminating in second and fourth fiber 
optic communication ports, respectively. 
BRIEF DESCRIPTION OF THE DRAWINGS 
4 
fiber lengths 22 and 24 are fusion spliced to pigtails 42 
and 44 of all-fiber polarization splitter 20, respectively. 
On the opposite end of all-fiber polarization splitter 20, 
pigtail 46 is fusion spliced to fiber optic link SO. Pigtail 
5 48 is not used in a bidirectional fiber optic communica-
tion system. 
Optical circulator 16 is a four port device. Port 1 is at 
the outer end of pigtail 34 of all-fiber polarization split-
ter 18, where the transmitter is located. Port 2 is at the 
10 outer end of pigtail 46 of all-fiber polarization splitter 
20, where fiber optic link SO is connected. Port 3 is at 
the outer end of pigtail 36 of all-fiber polarization split-
ter 18, where the receiver is located. Port 4 is at the 
outer end of pigtail 48 of all-fiber polarization splitter 
For a more complete understanding of the present 15 20. 
invention and the advantages thereof, reference is now All-fiber polarization splitters 18 and 20 are commer-
made to the following detailed description taken in cially available, and well known in the art of fiber optic 
co~junction with the accompanying drawings, in communications. For example, the polarization splitters 
which: . . . . . . sold as Product Codes 918P and 919PY by Canadian 
FIG:. 1 is _a simplified illustrat10n of the operation of 20 Instrumentation and Research, Ltd., Ontario, Canada 
an optical circulator; ti all fib · · · ' 
FIG 2 · bl k d" . f b"dir may be used or - i er polanzation splitter 18 and 20. . is a oc iagram representation o a i ec- All fib 1 · · Ii 18 d o h · 
ti. al · t· t tiliz" • t" al . - i er po arization sp tters an 2 eac compnse on commuruca ion sys em u mg an op ic circu- • f 1 · · · · 1 d fib 1 t t h d f · 1 fib t· link d a pair o po anzat10n preservmg smg e-mo e er aora eac en o asmge eropic ;an d hi hh b fu d h 
FIG 3 · d" ti · f th all fib f al 25 stran s w c ave een se toget er and tapered so . · is a iagramm~ c vi~w O e . - i er op ic that their respective cores are lying in close contact. 
circulator of the present mvention, showmg the paths of Th f: f f l"tt 18 d 20 • thi • f · light rays from a transmitter to the fiber, and from the ~ _uncd mn ° f~/ berls an m s mven ion is 
fiber to a receiver. exp am~ IJ?-Ore Y _e o~. . 
FIG. 4 is a diagrammatic view of an optical circulator P?l~a!ion p~ese1:7mg smgle:mode fi?er swtable for 
according to an alternative embodiment of the present 30 use m this mvention is commercial~y available as mod~l 
invention, showing the paths of light rays from a trans- number F-~PS from Newport Kl~ge~ Co., Fountain 
mitter to the fiber and from the fiber to a receiver Valley, Calif. Model F-SPS fiber is swtable for use at 
FIG. Sis a block diagram representation of a bidkec- op:rating freq~enc~es of 1300 and 1500 nm_. Non-polari-
tional communication system utilizing an optical circu- z_ation pres7rvmg smg~e-_mode _fibe~, use~ m an altema-
lator of the present invention to provide amplification. 35 tlve embodiment of this mvention, is available as model 
number F-SS from Newport Klinger Co. Model F-SS 
fiber is suitable for use at operating frequencies of 1300 
and 1550 nm. 
DETAILED DESCRIPTION OF THE 
INVENTION 
The preferred embodiment of the present invention Fara~ay s!11gle-mode fiber co~prises polarization 
and its advantages are best understood by referring to 40 pr_eservm~ smgle-mode fiber which has bee? doped 
the drawings, like numerals being used for like and with _ter~ium or ?ther r~e earth e~ement to imp~. a 
corresponding parts of the various drawings. polarizati?n rotation to hgh~ traversmg the fiber within 
Referring to FIG. 3, there is shown a diagrammatic a_ magnetic field. Faraday smgle-mode fiber has a_rela-
view of an optical circulator, generally designated 16, tiv~ly large :V~rd7t constai:it- The Verdet constant is the 
according to a first embodiment of the present inven- 45 ratio of pol~ation rota!ion to length of fiber propa-
tion, as it might be used in a bidirectional fiber optic gated for a given magnetic field. 
communication system. Optical circulator 16 comprises In optical circulation 16, polarization preserving sin-
a pair of all-fiber polarization splitters 18 and 20, lengths gle-mode fiber lengths 26 and 30 are axially twisted a 
of Faraday single-mode fiber 22 and 24, lengths of po- combined total of 45° clockwise, measured from the 
larization preserving single-mode fiber 26, 28, 30, and 50 outer end of fiber length 26 to the outer end of fiber 
32, and a magnet (not illustrated). All-fiber polarization length 30. Alternatively, the combined twist in fiber 
splitter 18 has pigtails 34 and 36 on one end and pigtails lengths 26 and 30 can be 45° plus or minus any multiple 
38 and 40 on the opposite end. Pigtail 34 is connected to of 180°, or 45°±nl80° where n is any integer~0. This 
a fiber optic communication transmitter, and pigtail 36 combined 45°±nl80° twist can be entirely in fiber 
is connected to a fiber optic communication receiver. 55 length 26, entirely in fiber length 30, or can be split 
On the opposite end of all-fiber polarization splitter 18, between fiber lengths 26 and 30 in any proportion, so 
pigtail 38 is fusion spliced to polarization preserving long as the combined twist in both fiber lengths 26 and 
single-mode fiber length 26, and pigtail 40 is fusion 30 is 45°±nl80°. Preferably, for simplicity ofmanufac-
spliced to polarization preserving single-mode fiber ture, each fiber length 26 and 30 is twisted 22.5° clock-
length 28. The opposite ends of polarization preserving 60 wise. 
single-mode fiber lengths 26 and 28 are fusion spliced to Similarly, polarization preserving single-mode fiber 
Faraday single-mode fiber lengths 22 and 24, respec- lengths 28 and 32 are axially twisted a combined total of 
tively. The ends of Faraday single-mode fiber lengths 45°±nl80° clockwise, measured from the outer end of 
22 and 24 opposite polarization preserving single-mode fiber length 28 to the outer end of fiber length 32. As 
fiber lengths 26 and 28 are fusion spliced to polarization 65 with fiber lengths 26 and 30, the combined 45°±nl80° 
preserving single-mode fiber lengths 30 and 32, respec- twist can be split between lengths 28 and 32 in any 
tively. The ends of polarization preserving single-mode proportion, but preferably each length 28 and 32 is 
fiber lengths 30 and 32 opposite Faraday single-mode twisted 22.5° clockwise. 
5 
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A magnet (not illustrated) is used to create a strong 
magnetic field 52 around Faraday single-mode fiber 
lengths 22 and 24. Magnetic field 52 is adjusted to pro-
vide 45° nonreciprocal polarization rotation to linearly 
polarized light traversing fiber lengths 22 and 24 in 5 
opposite directions. The strength of magnetic field 52 
required to accomplish this rotation will depend on the 
lengths and materials of fibers 22 and 24, and on the 
wavelength of the light used. 
Optical circulator 16 operates in the following man- IO 
ner when used in a bidirectional fiber optic communica-
tion system: A fiber optic communication transmitter 
emits a beam of randomly polarized light into all-fiber 
polarization splitter 18 at port 1, as indicated in FIG. 3. 
Polarization splitter 18 divides the randomly polarized 15 
beam into two paths, one for each of two orthogonal, 
linearly polarized states of light. For purposes of this 
description, this first linearly polarized state, denoted 
x-polarized light, is assumed to be polarized in the plane 
of FIG. 3. The second, orthogonal linearly polarized 20 
state, denoted y-polarized light, is assumed to be polar-
ized perpendicular to the plane of FIG. 3. Assume fur-
ther that polarization splitters 18 and 20 are configured 
such that x-polarized light remains in the fiber of splitter 25 18 or 20 in which it enters, while y-polarized light cross-
coupled from one fiber to the other within the splitter. 
Thus, the x-polarized light exits splitter 18 through 
pigtail 38, and the y-polarized light exits through pigtail 
40
Toe 22.5° clockwise axial twist in fiber length 26 
30 
imparts a 22.5° clockwise polarization rotation to the 
x-polarized light traversing it. Similarly, the 22.5° 
clockwise axial twist in fiber length 28 imparts a 22.5° 
clockwise polarization rotation to the y-polarized light 35 
traversing it. For purposes of this description, the direc-
tion of polarization rotation is measured with respect to 
the direction of propagation of the light. 
Assume that magnetic field 52 surrounding Faraday 
single-mode fiber lengths 22 and 24 is adjusted to impart 40 
a 45° counter-clockwise polarization rotation to light 
traversing fiber lengths 22 and 24 from left to right. The 
previously x-polarized light will therefore exit fiber 
length 22 with a net polarization rotation of 22.5° coun-
ter-clockwise (22.5° clockwise rotation in fiber length 45 
26 plus 45° counter-clockwise rotation in fiber length 
22). Similarly, the previously y-polarized light will exit 
fiber length 24 with a net polarization rotation of 22.5° 
counter-clockwise. 
The 22.5° clockwise axial twist in fiber lengths 30 and 50 
32 impart a 22.5° clockwise polarization rotation to the 
light traversing fiber lengths 30 and 32, respectively. 
This 22.5° clockwise polarization rotation cancels the 
net 22.5° counter-clockwise rotations previously im-
parted. Hence, the x-polarized light exiting polarization 55 
splitter 18 remains x-polarized as it enters polarization 
splitter 20 through pigtail 42, and the y-polarized light 
exiting polarization splitter 18 remains y-polarized as it 
enters polarization splitter 20 through pigtail 44. 
The x-polarized light which enters pigtail 42 of polar- 60 
ization splitter 20 remains in the upper fiber and exits 
through pigtail 46. The y-polarized light, on the other 
hand, is cross-coupled from the lower fiber to the upper 
fiber, and also exits polarization splitter 20 through 
pigtail 20. The x-polarized and y-polarized light are 65 
recombined in pigtail 46 of polarization splitter 20. The 
recombined beams thus enter fiber optic link 50 at port 
2 as a single beam of randomly polarized light. 
6 
FIG. 3 also illustrates the path of a beam of randomly 
polarized light entering port 2 of optical circulator 16 
from fiber optic link 50. Polarization splitter 20 divides 
the randomly polarized light into two paths, one for 
x-polarized and one for y-polarized light. As previously 
described, the x-polarized light entering pigtail 46 of 
all-fiber polarization splitter 20 remains in the upper 
fiber and exits through pigtail 42. The y-polarized light, 
on the other hand, is cross-coupled to the lower fiber 
and exits through pigtail 44. 
The 22.5° clockwise axial twist in fiber lengths 30 and 
32 impart a 22.5° clockwise polarization rotation to the 
x-polarized light traversing fiber length 30, and to the 
y-polarized light traversing fiber length 32. 
Being non-reciprocal, Faraday single-mode fiber 
lengths 22 and 24 within magnetic field 52 rotate the 
polarization oflight traversing them from right to left in 
the opposite direction from that of light passing from 
left to right. Faraday single-mode fiber lengths 22 and 
24 thus impart an additional 45° clockwise polarization 
rotation to the light traversing them. The 22.5° clock-
wise axial twist in fiber lengths 26 and 28 impart an 
additional 22.5° clockwise polarization rotation to the 
light traversing fiber lengths 26 and 28, respectively. 
Thus, the previously x-polarized light will exit fiber 
length 26 with a net polarization rotation of 90° clock-
wise (22.5° clockwise rotation in each of fiber lengths 26 
and 30 plus 45° clockwise rotation in Faraday fiber 
length 22). This 90° polarization rotation converts the 
previously x-polarized light to y-polarized light. Simi-
larly, the previously y-polarized light will exit fiber 
length 28 with a net 90° polarization rotation, convert-
ing it to x-polarized light. 
The now x-polarized light which enters pigtail 40 of 
polarization splitter 18 from fiber length 28 remains in 
the lower fiber and exits through pigtail 36. The now 
y-polarized light which enters pigtail 38 from fiber 
length 26, on the other hand, is cross-coupled from the 
upper fiber to the lower fiber, and also exits through 
pigtail 36. The x-polarized and y-polarized light are 
recombined in pigtail 36, and enter the receiver at port 
3 as a single beam of randomly polarized light. 
Thus, as a passive, non-reciprocal device, all-fiber 
optical circulator 16 directs light to or from a different 
port depending on the direction of propagation. Light 
entering port 1 from the transmitter exits at port 2 to 
fiber link 50. Light entering port 2 from fiber link 50 
exits at port 3 to the receiver. Port 4 is not used when 
optical circulator 16 is used in a bidirectional fiber optic 
communication system as described above. 
As described above, the divided light beams passing 
through optical circulator 16 from the transmitter to 
fiber optic length 50 undergo a net 0° polarization rota-
tion. Similarly, the divided light beams passing through 
optical circulator 16 from fiber optic length 50 to the 
receiver undergo a net 90° polarization rotation. It is to 
be observed, however, that optical circulator 16 will 
function as described above so long as the net polariza-
tion rotation imparted to the divided light beams pass-
ing from the transmitter to fiber optic length 50 is o• 
plus any positive or negative multiple of 180° or 
0°±nl80° where n~0. Further, the net polarization 
rotation imparted to the divided beams passing from 
fiber optic length 50 to the receiver can be 90° plus any 
positive or negative multiple of 180° or 90°±nl80°. The 
all-fiber optical circulator of the present invention is 





Referring now to FIG. 4, there is shown a diagram- Optical circulator 54 operates in the following man-
matic view of an optical circulator, generally desig- ner when used in a bidirectional fiber optic communica-
nated 54, according to a second, alternative embodi- tion system: A fiber optic communication transmitter 
ment of the present invention, as it might be used in a emits a beam of randomly polarized light into polariza-
bidirectional fiber optic communication system. Optical 5 tion splitter 56 at port 1, as indicated in FIG. 4. Polariza-
circulator 54 comprises a pair of all-fiber polarization tion splitter 56 divides the randomly polarized beam 
splitters 56 and 58, a pair of polarization controllers 80 into two paths, one for x-polarized light, and the other 
and 82, lengths of Faraday single-mode fiber 60 and 62, for y-polarized light. Assume that polarization splitters 
lengths of single-mode fiber 64, 66, 68, and 70, and a 56 and 58 are configured such that x-polarized light 
magnet (not illustrated). Polarization splitter 56 has 10 remains in the fiber of splitter 56 or 58 in which it enters, 
pigtails 72 and 74 on one end and pigtails 76 and 78 on while y-polarized light is cross-coupled from one fiber 
the opposite end. to the other within the splitter. Thus, the x-polarized 
Pigtail 72 is connected to a fiber optic communication light exits splitter 56 through pigtail 76, and the y-pola-
transmitter, and pigtail 74 is connected to a fiber optic rized light exits through pigtail 78. The x-polarized light 
communication receiver. On the opposite end of polar- 15 is conveyed by single-mode fiber length 64 to Faraday 
ization splitter 56, pigtail 76 is fusion spliced to single- single-mode fiber length 60. Similarly, the y-polarized 
mode fiber length 64, and pigtail 78 is fusion spliced to light is conveyed by single-mode fiber length 66 to 
single-mode fiber length 66. The opposite ends of sin- Faraday single-mode fiber length 66. 
gle-mode fiber lengths 64 and 66 are fusion spliced to Assume that magnetic field 94 surrounding Faraday 
Faraday single-mode fiber lengths 60 and 62, respec- 20 fiber lengths 60 and 62 is adjusted to impart a 45° coun-
tively. The ends of Faraday single-mode fiber lengths ter-clockwise polarization rotation to light traversing 
60 and 62 opposite fiber lengths 64 and 66 are connected fiber lengths 60 and 62 from left to right. The previously 
x-polarized and y-polarized light will therefore exit 
to first sides of polarization controllers 80 and 82, re- fiber lengths 60 and 62, respectively, with their polar-
spectively. The second sides of polarization controllers 25 izations rotated 45° counter-clockwise. Assume further 
80 and 82 are connected to single-mode fiber lengths 68 that polarization controllers 80 and 82 are adjusted to 
and 70, respectively. The ends of single-mode fiber impart a reciprocal 450 clockwise polarization rota~on 
lengths 68 and 70 opposite polarization controllers 80 to light traversing them. The 45° clockwise polarization 
and 82 are fusion spliced to pigtails 84 and 86 of all-fiber rotation in controllers 80 and 82 cancels the 45° coun-
polarization splitter 58, respectively. On the opposite 30 ter-clockwise rotation previously imparted. Hence, the 
end of polarization splitter 58, pigtail 88 is fusion spliced x-polarized light exiting polarization splitter 56 remains 
to fiber optic link 92. Pigtail 90 is not used in a bidirec- x-polarized as it enters polarization splitter 58 through 
tional fiber optic communication system. single-mode fiber length 68, and the y-polarized light 
Optical circulator 54 is a four port device. Port 1 is at exiting polarization splitter 56 remains y-polarized as it 
the outer end of pigtail 72 of polarization splitter 56, 35 enters polarization splitter 58 through single-mode fiber 
where the transmitter is located. Port 2 is at the outer length 70. 
end of pigtail 88 of polarization splitter 58, where fiber The x-polarized light which enters pigtail 84 of polar-
optic link 92 is connected. Port 3 is at the outer end of ization splitter 58 remains in the upper fiber and exits 
pigtail 74 of polarization splitter 56, where the receiver through pigtail 88. The y-polarized light, on the other 
is located. Port 4 is at the outer end of pigtail 90 of 40 hand, is cross-coupled from the lower fiber to the upper 
polarization splitter 58. fiber, and also exits splitter 58 through pigtail 88. The 
All-fiber polarization splitters 56 and 58 are essen- x-polarized and y-polarized light are recombined in 
tially identical to all-fiber polarization splitters 18 and pigtail 88 of splitter 58. The recombined beams thus 
20 described above with reference to the first embodi- enter fiber optic link 92 at port 2 as a single beam of 
ment of this invention. Polarization splitters sold as 45 randomly polarized light. 
Product Codes 918P and 919PY by Canadian Instru- FIG. 4 also illustrates the path of a beam of light 
mentation and Research, Ltd., Ontario, Canada, may be entering port 2 of optical circulator 54 from fiber optic 
used for all-fiber polarization splitters 56 and 58. Fara- link 92. Polarization splitter 58 divides the randomly 
day single-mode fiber lengths 60 and 62 are essentially polarized light into two paths, one for x-polarized and 
identical to Faraday single-mode fiber lengths 22 and 24 50 one for y-polarized light. As previously described, the 
described above. x-polarized light entering pigtail 88 of polarization split-
Polarization controllers 80 and 82 are commercially ter 58 remains in the upper fiber and exits through pig-
available, and well known in the art of fiber optics. For tail 84. The y-polarized light, on the other hand, is 
example, polarization controllers sold as Model Y-35- cross-coupled to the lower fiber and exits through pig-
5276 by GEC Advanced Optical Products, West Han- 55 tail 86. 
ningfield Road, Great Baddow, Chelmsford, Essex, Being a reciprocal optical element, polarization con-
England may be used for polarization controllers 80 and troller 80 imparts a 45° clockwise polarization rotation 
82. The GEC Model Y-35-5276 polarization controller to the x-polarized light traversing it. Similarly, polariza-
operates at wavelengths of 1.3 to 1.55 µ,m. tion controller 82 imparts a 45° clockwise polarization 
A magnet (not illustrated) is used to create a strong 60 rotation to the y-polarized light traversing it. 
magnetic field 94 around Faraday single-mode fiber Being non-reciprocal, Faraday single-mode fiber 
lengths 60 and 62. Magnetic field 94 is adjusted to pro- lengths 60 and 62 within magnetic field 94 rotate the 
vide 45° nonreciprocal polarization rotation to linearly polarization oflight traversing them from right to left in 
polarized light traversing fiber lengths 60 and 62 in the opposite direction from that of light passing from 
opposite directions. The strength of magnetic field 94 65 left to right. Faraday fiber lengths 60 and 62 thus impart 
required to accomplish this rotation will depend on the an additional 45° clockwise polarization rotation to the 
lengths and materials of fibers 60 and 62, and on the light traversing them. Thus, the previously x-polarized 




rotation of 90° clockwise (45° clockwise rotation in 
polarization controller 80 plus 45° clockwise rotation in 
fiber length 60). This 90° polarization rotation converts 
the previously x-polarized light to y-polarized light. 
Similarly, the previously y-polarized light will exit Far- 5 
aday fiber length 62 with a net 90° polarization rotation, 
converting it to x-polarized light. 
The now x-polarized light is conveyed by single-
mode fiber length 66 to pigtail 78 of polarization splitter 
56, and the now y-polarized light is conveyed by single- 10 
mode fiber length 64 to pigtail 78 of polarization splitter 
56. As previously described, the x-polarized light re-
mains in the lower fiber of polarization splitter 56 and 
exits through pigtail 74. The y-polarized light, on the 
other hand, is cross-coupled from the upper fiber to the 15 
lower fiber, and also exits through pigtail 74. The x-
polarized and y-polarized light are recombined in pig-
tail 74, and enter the receiver at port 3 as a single beam 
of randomly polarized light. 
20 Thus, optical circulator 54 of the second embodiment 
of this invention is the functional equivalent of optical 
circulator 16 of the first embodiment: Light entering 
port 1 from the transmitter exits at port 2 to fiber link 
92, and light entering port 2 from fiber link 92 exits at 25 port 3 to the receiver. Port 4 is not used when optical 
circulator 54 is used in a bidirectional fiber optic com-
munication system. As with optical circulator 16 of the 
first embodiment of this invention, the net polarization 
rotation imparted to the divided outgoing light beams 30 
can alternatively be any positive or negative multiple of 
180°, or 0°±nl80°. Similarly, the net polarization rota-
tion imparted to the divided incoming beams can be 
90°±nl80°. 
An additional embodiment of optical circulator 54 35 
can be constructed without the use of Faraday single-
mode fiber at all. Because Faraday polarization rotation 
can be achieved in single-mode silica fiber exposed to a 
strong magnetic field, Faraday single-mode fiber 
lengths 60 and 62 can be replaced by single-mode fiber 40 
lengths. Magnetic field 94 will still be required. It 
should be noted, however, that for a given magnetic 
field strength, much longer lengths of single-mode fiber 
will be required to achieve the same degree of polariza-
tion rotation that can be achieved in a relatively short 45 
length of Faraday single-mode fiber. This is true be-
cause ordinary silica fiber has a much lower Verdet 
constant than Faraday single-mode fiber. 
It should be noted that optical circulators 16 and 54 
are both four part devices. By an analysis similar to that 50 
described above, it can be shown that light which enters 
optical circulators 16 and 54 at port 3 will exit at port 4, 
and light that enters at port 4 will exit at port 1. 
FIG. S illustrates an alternative application in which 
all four ports of optical circulator 16 are used to provide 55 
amplification in a bidirectional fiber optic communica-
tion link. Adjacent ends of fiber optic link 96 are fusion 
spliced to ports 2 and 4 of optical circulator 16. Optical 
amplifiers 98 and 100 are located at ports 1 and 3, re-
spectively. Light passing from left to right along fiber 60 
optic link 96 enters port 4 of optical circulator 16, and 
exits at port 1, where it enters optical amplifier 98. The 
amplified light reenters optical circulator 16 at port 1, 
and exits at port 2, where it again proceeds along fiber 
optic link 96 from left to right. Light passing from right 65 
to left along fiber optic link 96 enters port 2 of optical 
circulator 16, and exits at port 3, where it enters optical 
amplifier 100. The amplified light reenters optical circu-
lator 16 at port 3, and exits at port 4, where it again 
proceeds along fiber optic link 96 from right to left. 
It should also be observed that optical circulator 16 
or 54 can alternatively be used as an optical isolator. An 
optical isolator can be viewed as a 2-port device. Light 
which enters port 1 of the optical isolator exits at port 2, 
as in an optical circulator. However, light which enters 
port 2 is absorbed by a light absorbing material, and 
goes nowhere. Referring again to FIGS. 3 and 4, simply 
replacing the communication receiver at port 3 with a 
light absorbing material will convert optical circulator 
16 or 54 into an optical isolator. 
Several factors contribute to lower insertion losses, 
coupling losses, and cross-talk in optical circulators 16 
and 54 of the present invention than in prior optical 
circulators. First, single-mode silica fiber has a much 
lower absorption coefficient for light at communica-
tions frequencies than do traditional Faraday rotator 
materials, such as YIG crystal and Hoya glass. Admit-
tedly, single-mode silica fiber has a lower Verdet con-
stant than traditional Faraday rotator materials. How-
ever, the much lower absorption coefficient for single-
mode silica fiber more than offsets the lower V erdet 
constant, when compared to YIG crystal. The figure of 
merit for a Faraday rotator is defined as: M=V/a, 
where V is the Verdet constant and a is the absorption 
coefficient. Single-mode silica fiber has a higher figure 
of merit than does YIG crystal at standard telecommu-
nications wavelengths of 1.3 and 1.55 microns. This 
simply reflects that fact that although a longer length of 
silica fiber than YIG crystal is required to achieve a 
given degree of polarization rotation, less light is ab-
sorbed, even in the longer length. The reduced light 
absorption achieved with single-mode silica fiber re-
duces insertion loss in the all-fiber optical circulator of 
this invention. 
Coupling losses are avoided in the all-fiber optical 
circulator because traditional coupling optics are re-
placed by fusion splices of optical fiber, and because the 
light remains entirely within fiber as it passes through 
the optical circulator. 
Cross-talk is reduced in the all-fiber optical circulator 
of the present invention because the various compo-
nents are integral with one another, and sources of back 
reflection are largely eliminated. Back reflection is 
much higher in optical circulators having discrete, 
physically separated optical components. 
The all-fiber optical circulator of this invention is 
more adaptable to field implementation than prior opti-
cal circulators because it can withstand dirty or dusty 
environments and shock or vibration. 
The present invention, and many of its intended ad-
vantages, will be understood from the foregoing de-
scription and it will be apparent that, although the in-
vention and its advantages have been described in de-
tail, various changes, substitutions and alterations may 
be made in the manner, procedure, and details thereof 
without departing from the spirit and scope of the in-
vention, as defined by the appended claims, or sacrific-
ing a.Ii of its material advantages, the form hereinbefore 
described being merely a preferred or exemplary em-
bodiment thereof. 
What is claimed is: 
1. An optical circulator, comprising: 
a pair of Faraday single-mode fiber links, each Fara-




a first pair of polarization preserving single-mode serving single-mode fiber links cooperate to convey 
fiber links, each having a first end joined to a first light transmitted into the first port to the second port, to 
end of a different Faraday fiber link; convey light transmitted into the second port to the 
a first polarization splitter having a first end joined to third port, to convey light transmitted into the third 
a second end of each of the first pair of polarization 5 port to the fourth port, and to convey light transmitted 
preserving single-mode fiber links, and a second into the fourth port to the first port. 
end terminating in first and third fiber optic com- 10. An optical circulator, comprising: 
munication ports, respectively; a pair of Faraday single-mode fiber links, each Fara-
a second pair of polarization preserving single-mode day fiber link having a first and a second end; 
fiber links, each having a first end joined to a sec- 10 a first pair of polarization preserving single-mode 
ond end of a different Faraday fiber link; and fiber links, each having a first end joined to a first 
a second polarization splitter having a first end joined end of a different Faraday fiber link, and each hav-
to a second end of each of the second pair of polar- ing an axial twist along its length; 
ization preserving single-mode fiber links, and a a first all-fiber polarization splitter having a first end 
second end terminating in second and fourth fiber 15 joined to a second end of each of the first pair of 
optic communication ports, respectively. polarization preserving single-mode fiber links, and 
2. The optical circulator of claim 1, wherein the pair a second end terminating in first and third fiber 
of Faraday single-mode fiber links are exposed to a optic communication ports, respectively; 
magnetic field such that the Faraday fiber links impart a a second pair of polarization preserving single-mode 
polarization rotation to light traversing the Faraday 20 fiber links, each having a first end joined to a sec-
fiber links in a first direction, and a different rotation to ond end of a different Faraday fiber link, and each 
light traversing the Faraday fiber links in a second, having an axial twist along its length; 
opposite direction. 
3. The optical circulator of claim 2, wherein the po- a :e:;j:u:~~:e: ~~~=a:~: :r::i~ ::::gs:c:~ 
larization rotation imparted to light traversing the Fara- 25 
day fiber links in the first direction differs by 90° from pair of polarization preserving single-mode fibers, 
the polarization rotation imparted to light traversing the and a second end terminating in second and fourth 
links in the opposite direction. fiber optic communication ports, respectively; and 
4. The optical circulator of claim 1, wherein one or at least one magnet disposed near the Faraday fiber 
more of the first and second pairs of polarization pre- 30 links for creating a magnetic field surrounding the 
serving single-mode fiber links are axially twisted such Faraday fiber links, such that the Faraday fiber 
that the twisted links impart a polarization rotation to links impart a polarization rotation to light travers-
light traversing the links, the polarization rotation im- ing them which is dependent upon the direction of 
parted to light traversing the twisted links in a first traversal of the light. 
direction being equal to the polarization rotation im- 35 11. The optical circulator of claim 10, wherein the 
parted to light traversing the twisted links in a second, axially twisted polarization preserving single-mode 
opposite direction. fiber links joined to each end of either of the Faraday 
5. The optical circulator of claim 4, wherein the ~ber links to_gether ~part a 45° pola~tion rotation to 
twisted polarization preserving single-mode fiber links hght traversm_g the_ links from on~ splitter to th~ other. 
joined to each end of either of the Faraday single-mode 40 . 12. ~e opt!cal crrcula~o~ of claim ~0, further mclu~-
fiber links together impart a 45° polarization rotation to mg a sm~le, _hght-trans~ss1ve fiber I~ for fiber optic 
light traversing the links from one polarization splitter commumcatton, wherem the Faraday smgle-mode fiber 
to the other. links and the polarization preserving single-mode fiber 
6. The optical circulator of claim 4, wherein the Fara- links cooperate to convey light transmitted into the first 
day single-mode fiber links, the axially twisted polariza- 45 communication port to the second communication port, 
tion preserving single-mode fiber links, and the polar- and further cooperate to convey light transmitted into 
ization splitters cooperate to reverse the linear polariza- the second communication port to the third communi-
tion oflight passing from the first polarization splitter to cation port, whereby the optical circulator permits bi-
the second polarization splitter, and to leave unchanged directional fiber optic communication on the single 
the linear polarization of light passing from the second 50 fiber link. 
polarization splitter to the first polarization splitter. 13. The optical circulator of claim 10, wherein the 
7. The optical circulator of claim 1, wherein the Fara- Faraday single-mode fiber links and the polarization 
day single-mode fiber links comprise silica doped with a preserving single-mode fiber links cooperate to convey 
substance that substantially increases the Verdet con- light transmitted into the first port to the second port, to 
stant of the fiber. 55 convey light transmitted into the second port to the 
8. The optical circulator of claim 1, further including third port, to convey light transmitted into the third 
a single, light-transmissive fiber link for fiber optic com- port to the fourth port, and to convey light transmitted 
munication, wherein the Faraday single-mode fiber into the fourth port to the first port. 
links and the polarization preserving single-mode fiber 14. A method for providing bidirectional communi-
links cooperate to convey light transmitted into the first 60 cation to and from a single light-transmissive fiber optic 
communication port to the second communication port, link, which comprises the steps of: 
and further cooperate to convey light transmitted into emitting an outgoing beam of randomly polarized 
the second communication port to the third communi- light from a fiber optic communication transmitter; 
cation port, whereby the optical circulator permits bi- dividing the outgoing beam in a first polarization 
directional fiber optic communication on the single 65 splitter into two outgoing beams, one for each of 
fiber link. two orthogonal, linearly polarized states of light; 
9. The optical circulator of claim 1, wherein the Fara- passing each divided outgoing beam through one or 




ing single-mode fiber to rotate the polarization of light traversing the Faraday fiber links in a second, 
light in each outgoing beam; opposite direction. 
passing each divided outgoing beam through a Fara- 17. The optical circulator of claim 16, wherein the 
day single-mode fiber link in a magnetic field to polarization rotation imparted to light traversing the 
rotate the polarization of light in each divided out- 5 Faraday fiber links in the first direction differs by 90° 
going beam, whereby the polarization rotation from the polarization rotation imparted to light travers-
occurring in the Faraday fiber link cancels the ing the links in the opposite direction. 
polarization rotation occurring in the polarization 18. The optical circulator of claim 15, wherein each 
preserving fiber links and the polarization states of polarization controller imparts a polarization rotation to 
light in the divided outgoing beams remain un- 10 light traversing it, the polarization rotation imparted to 
changed after having passed through the Faraday light traversing the controller in a first direction being 
fiber link and the polarization preserving fiber equal to the polarization rotation imparted to light tra-
links; versing the controller in a second, opposite direction. 
recombining the divided outgoing beams in a second 19. The optical circulator of claim 18, wherein the net 
polarization splitter into a single outgoing beam of 15 
randomly polarized light; polarization rotation imparted by each polarization 
transmitting the recombined outgoing beam into the controller and the single-mode fiber link joined to its 
second port and the single-mode fiber link joined to the 
fiber optic link; F d . 1 od fibe link d . fi 
emitting an incoming beam of randomly polarized ara ay s
0
mg e-m e 1 r connecte to its rrst part 
light from the fiber optic link; 20 equals 45 • . . . . 
dividing the incoming beam in the second polariza- . 20. The optical ~rrculator of claim _15, wherem the 
tion splitter into two incoming beams, one for each s~gle-mode fi~r 1;inks, the Faraday smgle-mod~ fi?er 
of two orthogonal, linearly polarized states oflight; I~, the polanzation controllers, :rod the po!~at1on 
passing each divided incoming beam through one or splitters c?Operate to reverse the _Im~ pol~at10n of 
more axially twisted links of polarization preserv- 25 hght passmg_ fr~m the. first polanzat1on sphtter to the 
ing single-mode fiber to rotate the polarization of second polanzation sphtter, and to leave unchanged the 
light in each incoming beam; linear polarization of light passing from the second 
passing each divided incoming beam through a Fara- polarization splitter to the first polarization splitter. 
day single-mode fiber link in a magnetic field in a 21. The optical circulator of claim 15, further includ-
direction opposite that of the divided outgoing 30 ing a single, light-transmissive fiber link for fiber optic 
beams, to rotate the polarization of light in each communication, wherein the Faraday single-mode fiber 
divided incoming beam, whereby the polarization links, the single-mode fiber links, and the polarization 
states of light in the divided incoming beams are controllers cooperate to convey light transmitted into 
completely reversed after having passed through the first communication port to the second communica-
the Faraday fiber link and the polarization-preserv- 35 tion port, and further cooperate to convey light trans-
ing fiber links; mitted into the second communication port to the third 
recombining the divided incoming beams in the first communication port, whereby the optical circulator 
polarization splitter into a single incoming beam of permits bi-directional fiber optic communication on the 
randomly polarized light; and single fiber link. 
transmittin¥ the reco~b~ed inco~g beams into a 40 22. A method for providing bidirectional communi-
fiber opt~c co~umcation re~1_ver. cation to and from a single light-transmissive fiber optic 
15. ~ optical crrc~ator, compnsm~: link, which comprises the steps of: 
a pair of Far~day s~gle-mode fiber links, each Fara- emitting an outgoing beam of randomly polarized 
day fi~r 1~ havmg a first en~ and a second_ end; light from a fiber optic communication transmitter; 
a first pair ?~ smgle-mode fiber ~• each havmg a 45 dividing the outgoing beam in a first polarization 
first e~d JOmed to a first end of a different Faraday splitter into two outgoing beams, one for each of 
fiber link; . . . . . two orthogonal, linearly polarized states of light; 
a first polanzatlon sphtter havmg a ~rrst e~d Jomed to assing each divided out oin beam through a polar-
a second end of each of the first pair of smgle-mode p . . g g . . . 
fibe links d d d t • tin . first d 50 izat1on controller to rotate the polanzation of light I . r ' an a_ secon en . e~a gm an in each outgoing beam; 
third fiber optic commumcation ports, respec- • h d" "d d t · b thr h F r I . passmg eac IVI e ou gomg earn oug a ara-
a p: ~f polarization controllers, each having a first day single-mod~ fi~r ~ in ~ magne~i~ field to 
port connected to a second end of a different Fara- ro~te the polanzation of light m ~ch _d1v1ded ~ut-
day fiber link; 55 gomg -~• whereby the pol~tion rotation 
a second pair of single-mode fiber links, each having · occ~~ m the. Faraday ~be~ link canc:ls !he 
a first end joined to a second port of a different polanzatlon rotation oc~~g m the JX:>l~at1on 
polarization controller; and c?~troller and _the polanzation ~tates of light m the 
a second polarization splitter having a first end joined d1vi~ed outgomg beams remam unchang~d after 
to a second end of each of the second pair of single- 60 havmg P~~ through the Faraday fiber links and 
mode fiber links and a second end terminating in the polanzat1on controllers; 
second and fourth fiber optic communication ports, recombining the divided outgoing beams in a second 
respectively. polarization splitter into a single outgoing beam of 
16. The optical circulator of claim 15, wherein the randomly polarized light; 
pair of Faraday single-mode fiber links are exposed to a 65 transmitting the recombined outgoing beam into the 
magnetic field such that the Faraday fiber links impart a fiber optic link; 
polarization rotation to light traversing the Faraday emitting an incoming beam of randomly polarized 
fiber links in a first direction, and a different rotation to light from the fiber optic link; 
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dividing the incoming beam in the second polariza-
tion splitter into two incoming beams, one for each 
of two orthogonal, linearly polarized states of light; 
passing each divided incoming beam through a polar-
ization controller to rotate the polarization of light 5 
in each incoming beam; 
unchanged the linear polarization of light passing from 
the second polarization splitter to the first polarization 
splitter. 
28. The optical circulator of claim 23, further includ-
ing a single, light-transmissive fiber link for fiber optic 
communication, wherein the single-mode fiber links and 
the polarization controllers cooperate to convey light 
transmitted into the first communication port to the 
second communication port, and further cooperate to 
convey light transmitted into the second communica-
tion port to the third communication port, whereby the 
optical circulator permits bi-directional fiber optic com-
munication on the single fiber link. 
passing each divided incoming beam through a Fara-
day single-mode fiber link in a magnetic field in a 
direction opposite that of the divided outgoing 
beams, to rotate the polarization of light in each 10 
divided incoming beam, whereby the polarization 
states of light in the divided incoming beams are 
completely reversed after having passed through 
the Faraday fiber links and the polarization con-
trollers; 
29. A method for providing bidirectional communi-
15 cation to and from a single light-transmissive fiber optic 
link, which comprises the steps of: recombining the divided incoming beams in the first 
polarization splitter into a single incoming beam of 
randomly polarized light; and 
transmitting the recombined incoming beams into a 
fiber optic communication receiver. 20 
23. An optical circulator, comprising; 
a first pair of single-mode fiber links, each having a 
first end and a second end, wherein at least a por-
tion of each of the first pair of single-mode fiber 
links is exposed to a magnetic field such that the 25 
first pair of single-mode fiber links impart a polar-
ization rotation to light traversing the first pair of 
single-mode fiber links in a first direction, and a 
different rotation to light traversing the first pair of 
single-mode fiber links in a second, opposite direc- 30 
tion; 
a first polarization splitter having a first end joined to 
the first end of each of the first pair of single-mode 
fiber links, and a second end terminating in first and 
third fiber optic communication ports, respec- 35 
tively; 
a pair of polarization controllers, each having a first 
port connected to the second end of each of the 
first pair of single-mode fiber links; 
a second pair of single-mode fiber links, each having 40 
a first end joined to a second port of a different 
polarization controller; and 
a second polarization splitter having a first end joined 
to a second end of each of the second pair of single-
mode fiber links; and a second end terminating in 45 
second arid fourth fiber optic communication ports, 
respectively. 
24. The optical circulator of claim 23, wherein the 
polarization rotation imparted to light traversing the 
first pair of single-mode fiber links in the first direction 50 
differs by 90° from the polarization rotation imparted to 
light traversing the first pair of single-mode fiber links 
in the opposite direction. 
25. The optical circulator of claim 23, wherein each 
polarization controller imparts a polarization rotation to 55 
light traversing it, the polarization rotation imparted to 
light traversing the controller in a first direction being 
equal to the polarization rotation imparted to light tra-
versing the controller in a second, opposite direction. 
26. The optical circulator of claim 25, wherein the net 60 
polarization rotation imparted by each polarization 
controller and the single-mode fiber links joined thereto · 
equals 45°. 
27. The optical circulator of claim 23, wherein the 
single-mode fiber links, the polarization controllers, and 65 
the polarization splitters cooperate to reverse the linear 
polarization of light passing from the first polarization 
splitter to the second polarization splitter, and to leave 
emitting an outgoing beam of randomly polarized 
light from a fiber optic communication transmitter; 
dividing the outgoing beam in a first polarization 
splitter into two outgoing beams, one for each of 
two orthogonal, linearly polarized states of light; 
passing each divided outgoing beam through a polar-
ization controller to rotate the polarization of light 
in each outgoing beam; 
passing each divided outgoing beam through a single-
mode fiber link outside of a magnetic field; 
passing each divided outgoing beam through a single-
mode fiber link in the magnetic field to rotate the 
polarization of light in each divided outgoing 
beam, whereby the polarization rotation occurring 
in the single-mode fiber link in the magnetic field 
cancels the polarization rotation occurring in the 
polarization controller and in the single-mode fiber 
link outside the magnetic field and the polarization 
states of light in the divided outgoing beams remain 
unchanged after having passed through the fiber 
links in and outside of the magnetic field and the 
polarization controllers; 
recombining the divided outgoing beams in a second 
polarization splitter into a single outgoing beam of 
randomly polarized light; 
transmitting the recombined outgoing beam into the 
fiber optic link; 
emitting an incoming beam of randomly polarized 
light from the fiber optic link; 
dividing the incoming beam in the second polariza-
tion splitter into two incoming beams, one for each 
of two orthogonal, linearly polarized states oflight; 
passing each divided incoming beam through a polar-
ization controller to rotate the polarization oflight 
in each incoming beam; 
passing each divided incoming beam through a sin-
gle-mode fiber link outside of the magnetic field; 
passing each divided incoming beam through a sin-
gle-mode fiber link in the magnetic field in a direc-
tion opposite that of the divided outgoing beams, to 
rotate the polarization of light in each divided in-
coming beam, whereby the polarization states of 
light in the divided incoming beams are completely 
reversed after having passed through the fiber links 
in and outside of the magnetic field and the polar-
ization controllers; 
recombining the divided incoming beams in the first 
polarization splitter into a single incoming beam of 
randomly polarized light; and 
transmitting the recombined incoming beams into a 
fiber optic communication receiver. 
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